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Abstract 
Effects of CO2 on the yield and fuel properties of the solid product obtained from wet torrefaction of biomass were 
experimentally investigated. Norwegian forest residues were used as feedstock. CO2 and N2 were employed as purge 
gas, separately. The results show that, compared with wet torrefaction in N2, the process in CO2 is taking place faster, 
producing 4.6-6.0% less solid product in identical conditions. An increase of up to 0.54 MJ/kg in heating value and a 
reduction of 6.5kWh/t in SGE was observed for the solid product obtained from WT in CO2 compared with that in 
N2. In addition, CO2 enhances the capacity of wet torrefaction to remove ash elements from solid biomass fuels. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Wet torrefaction (WT) of biomass is a method of hydrothermal processing for upgrading and 
production of solid fuels with improved fuel properties such as increased heating value and better 
grindability [1, 2]. The process may be defined as mild pyrolysis of biomass in hot compressed water, in 
the temperature range of 180-260°C [1, 2], and therefore is very much suitable for wet feedstocks, which 
include forest residues, wet agricultural wastes, sewage sludge, and aquatic energy crops. In addition to 
the main solid product, WT also produces liquid by-products including water soluble and insoluble 
organic compounds, which can be further treated for the production of biogas, liquid fuels and/or valuable 
chemicals [3, 4].  
Recent study in a batch reactor show that WT exhibits several advantages compared with dry 
torrefaction (DT), which include the capacity of washing out ash elements from biomass fuels [2]. 
However, like DT, WT requires an inert atmosphere, for which a large amount of nitrogen for purging 
and pressurizing is normally used. The nitrogen requirement will be much larger for industrial 
applications and up-scaling of the technology, for which continuous processes may also be employed. In 
such a context, the concept of process integration including heat integration should be considered [5, 6]. 
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For this purpose, utilization of hot flue gas from thermal power plants would be a potential option. The 
problem however is that, apart from N2, flue gas contains other gases, of which CO2 is the main species 
and may have important effects on the WT process and the fuel properties of the solid product. For this 
reason, some studies on influences of CO2 addition have been reported [7, 8] for DT of biomass, but not 
for WT. In the present work, WT of Norwegian forest residues (FR) was experimentally studied under 
different conditions with N2 or CO2 addition. The effect of CO2 addition on the solid product yield and its 
fuel properties was investigated. 
2. Materials and methods 
The feedstock used for this study is Norway spruce branches of 2-2.5 cm in diameter. The branches 
were collected from a local forest in Trondheim, Norway. The bark was completely removed from the 
collected branches to avoid possible interferences caused by impurities/contaminants and composition 
differences between the core and the bark. The moisture content (determined by the standard method 
ASTM D4442-07) of the feedstock was 49.96 ± 2.34%. Prior to the WT experiments, the bark-free 
branches were cut into slices having a thickness of 3-4 mm to improve the heat and mass transfers during 
torrefaction. The common WT conditions, procedure and assessment method reported in our previous 
study [2] were adopted for this present work. It was at 70 bar and three temperatures (175, 200, 225°C), 
and for three holding times (10, 30, 60 min), with addition of N2 or CO2. 
3.  Results 
3.1. Effects on the solid yield 
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Fig. 1. Solid yield for WT of FR at different temperatures (A) and holding times (B) 
Fig. 1 A and B show the yield of solid products obtained from the WT in N2 or CO2 atmosphere with 
varying temperature or holding time, respectively. The figures indicate no difference in the trend of the 
effects of these two process parameters on the solid yield for the two different cases with regards to the 
gas atmosphere. The solid yield for both cases decreases with either increasing torrefaction temperature or 
holding time. However, at the same hydrothermal conditions less solid is produced in the case of CO2
addition than that of N2 addition. This indicates that CO2 has a positive effect on the reaction rate of 
biomass WT, compared to N2. In addition, this effect seems more significant at higher temperatures and 
longer holding times. The yield difference is within 4.6-6.0% and 3.8-5.7% for temperatures of 175-
225°C and holding times of 10-60 min, respectively.
3.2. Effects on fuel properties of the solid product 
Fig. 2 A and B present the heating value of solid products obtained from the WT in N2 or CO2
atmosphere with varying temperature or holding time, respectively. In all cases, the heating value of the 
solid product obtained from the WT with CO2 addition is slightly greater than that of N2 addition. When 
temperature is increased from 175 to 225°C, the improvement in HHV (higher heating value) of the FR 
torrefied in CO2 increase from 0.10 to 0.54 MJ/kg compared with that in N2. 
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Fig. 2. Heating values of solids from WT of FR at different temperatures (A) and holding times (B) 
Proximate analysis data for the solid obtained from the WT in different gas atmospheres are presented 
in Table 1, and indicates that increased reaction temperature or holding time results in increased fixed-
carbon (FC) content but decreased volatile matter (VM) content of the solid product. More interestingly, 
the ash content of the FR torrefied in CO2 is significantly lower than that in N2.  
Table 1. Proximate analysis of raw and torrefied FR
Torrefaction condition 
WT in N2  WT in CO2
Ash (%) VM (%) FC (%)  Ash (%) VM (%) FC (%) 
175°C–30min 0.54 82.40 17.06  0.35 82.29 17.36 
200°C–10min 0.58 81.61 17.81  0.34 81.18 18.49 
200°C–30min 0.52 80.76 18.72  0.21 78.79 21.00 
200°C–60min 0.46 76.04 23.50  0.26 75.84 23.90 
225°C–30min 0.50 74.82 24.68  0.21 72.83 26.96 
Data for dry raw feedstock: Ash: 0.68%, VM: 85.18%, FC: 14.14%
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Fig. 3. Effect of WT temperature on the specific grinding energy (A) and the moisture uptake level (B)
The specific grinding energy (SGE) and the moisture uptake level of raw and torrefied FR are 
presented in Fig. 3A and 3B, respectively. The reductions in SGE and moisture uptake level show similar 
trends for the materials torrefied in CO2 or N2. However, the samples torrefied in CO2 exhibit lower SGE 
values than those in N2. The most significant reduction in SGE is 6.5kWh/t recorded for the samples 
torrefied in the conditions of 200°C and 30 min. Further increases in temperature led to no more reduction 
in SGE. Nevertheless, the equilibrium moisture content (EMC) of the samples torrefied in CO2 is 
significantly lower than that in N2. The difference in EMC becomes more significant, being up to 1.4% 
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when the temperature is increased from 175 to 225°C. The effects of holding time on the grindability and 
hydrophobicity show similar trends but less pronounced compared with the effects of temperature.  
4. Discussion 
The use of CO2 for WT of biomass instead of N2 results in lower solid product yields in identical 
torrefaction conditions but better fuel properties for the solid product. This can be translated to positive 
effects of CO2 addition on the reaction rate of WT. Similar effects of CO2 addition have been found for 
DT [7], in which increased weight loss and improved grindability when adding CO2 was reported. For 
WT in the present work, the effects of CO2 may be explained by the fact that dissolved CO2 in water has 
an acidic catalyst effect and enhances the reaction rate of biomass treatment in hydrothermal conditions 
[9, 10]. This catalytic enhancement effect is also valid for the solubility of inorganic ions present in 
biomass during hydrothermal pre-treatment. It suggests that WT in CO2 is capable of removing even 
more ash elements in the solid biomass fuel, compared with WT in N2. If utilizing hot flue gases, the 
positive CO2 effect on the WT process will depend on its CO2 content.  
5. Conclusion 
Wet torrefaction of Norwegian forest residues in different conditions and atmospheres were 
experimentally investigated. WT in CO2 produced 4.6-6.0% less solid product but with better fuel 
properties and improved hydrophobicity than in N2. An increase of up to 0.54 MJ/kg in heating value and 
a reduction of 6.5kWh/t in SGE was observed for the solid product obtained from WT in CO2 compared 
with that in N2. The proximate analyses show higher fixed carbon and lower volatile matter contents for 
the solid products obtained from WT in CO2. Additionally, the ash content of these products is 
significantly reduced, compared with that in N2. 
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